Introduction {#S0001}
============

Lung cancer is one of the most common malignancies worldwide.[@CIT0001] In spite of advances on treatment, the overall survival rate of lung cancer patients remains lower than 20%.[@CIT0002] High rates of metastasis and recurrence and drug resistance markedly restrict the curative effects of lung cancer.[@CIT0003] As a serious public health problem, it is urgently required to determine the pathogenesis of lung cancer and develop novel therapeutic targets.

Long noncoding RNA (lncRNA) refers to a type of noncoding RNAs with over 200 nucleotides in length and without protein-coding potential.[@CIT0004] Initially, lncRNA is thought to have no biological roles. Gradually, lncRNA has been reported to participate in various biological processes through transcriptional or post-transcriptional regulation and modulating proteins.[@CIT0005],[@CIT0006] Especially, lncRNAs have been demonstrated to regulate tumorigenesis via modulating proliferation, migration, differentiation and survival.[@CIT0007] For example, lncRNA LINC00963 enhances growth and metastasis of ovarian cancer via modulating miR-378-CHI3L1 pathway.[@CIT0008] LncRNA WT1-AS is downregulated in papillary thyroid cancer and inhibits tumor progression via miR-203.[@CIT0009] LncRNA LINC01783 contributes to proliferation, migration and invasion of cervical cancer through inhibiting miR-199b-5p and promoting GBP1 expression.[@CIT0010] Additionally, lncRNA SNHG11 increases growth and invasiveness of liver cancer cells by affecting miR-184/AGO2 axis.[@CIT0011] Therefore, illustrating the correlation between lncRNA and tumorigenesis will benefit for cancer intervention.

PSMA3-AS1 is poorly investigated. Initially, PSMA3-AS1 was reported to be involved in multiple myeloma.[@CIT0012] Recently, PSMA3-AS1 was demonstrated to promote esophageal cancer development.[@CIT0013] However, whether PSMA3-AS1 regulates lung cancer progression is unclear. Herein, we found that PSMA3-AS1 was upregulated in lung cancer tissues. PSMA3-AS1 expression was correlated with tumor advance and metastasis. Moreover, PSMA3-AS1 high expression predicted a low survival rate. PSMA3-AS1 knockdown suppressed the proliferation, migration and invasion of lung cancer cells. We further found that PSMA3-AS1 was a competing endogenous RNA (ceRNA) for miR-4504. PSMA3-AS1 inhibits miR-4504 via direct interaction. And miR-4504 suppression reversed the effects of PSMA3-AS1 silencing. In conclusion, our findings suggest an important role of PSMA3-AS1/miR-4504 axis in regulating lung cancer progression.

Materials and Methods {#S0002}
=====================

Lung Cancer Tissues {#S0002-S2001}
-------------------

Forty-one lung cancer tissues and adjacent normal tissues were collected from The 5th People's Hospital of Jinan. The patients were not treated with radiotherapy or chemotherapy prior to surgery. Tissues were frozen immediately after collection and stored in liquid nitrogen. This study was approved by the Ethics Committee of the 5th People's Hospital of Jinan. And written informed consent was achieved from every patient. All experiments were conducted in accordance with the Declaration of Helsinki.

Cell Lines {#S0002-S2002}
----------

All lung cancer cell lines and normal lung epithelial cells BEAS-2B were obtained from the Cell Bank of Type Culture Collection of the Chinese Academy of Sciences. Cells were cultured with DMEM medium (HyClone) supplemented with 10% FBS (Gibco), penicillin (100 U/mL), and streptomycin (100 mg/mL) at 37°C, 5% CO~2~.

Cell Transfection {#S0002-S2003}
-----------------

The small interfering (si) RNAs targeting PSMA3-AS1 (5ʹ-CCAGCAUCAAGAUGAUUUA-3ʹ), miR-4504 mimics, miR-4504 inhibitors and negative controls were were purchased from Shanghai GenePharma Co., Ltd. Cell transfection was conducted using RNAiMAX Lipofectamine^®^ (Invitrogen; Thermo Fisher Scientific, Inc.) according to the manufacturer's protocol.

RT-qPCR {#S0002-S2004}
-------

RNA isolation was performed using Trizol reagent and used for cDNA synthesis using High-Capacity cDNA Reverse Transcription Kits (Bio-Rad, Hercules, CA, USA) or Reverse Transcription Kit (Thermo Fisher Scientific, Waltham, MA, USA). qPCR was performed with SYBR Green Mixture (Takara, Dalian, China). Relative expression was normalized to GAPDH or U6. Primer sequences were as follows: PSMA3-AS1 Forward, 5ʹ-AACAGACCATCAGAAGAGAACA-3ʹ and reverse, 5ʹ-GAACAGAAACCAGAGCCATACA-3ʹ; GAPDH Forward, 5ʹ-AAGGTGAAGGTCGGAGTCAA-3ʹ and reverse, 5ʹ-GGAAGATGGTGATGGGATTT-3ʹ.

Cell Proliferation Assay {#S0002-S2005}
------------------------

CCK8 assay was used for detecting proliferation. 2×10^3^ cells were seeded into the 96-well plates and incubated for 24h, 48h, 72h or 96h. Then 10 μL CCK8 (Dojindo Molecular Technologies, Inc) was added and cultured for 2h. The OD450 values were determined using a microplate reader (BD Biosciences).

Colony Formation {#S0002-S2006}
----------------

500 cells were seeded into the 6-well plates and cultured for 2 weeks. Then cells were fixed and stained with crystal violet solution. Finally, colony number was counted.

Transwell Assay {#S0002-S2007}
---------------

Cell migration and invasion was determined via Transwell assay. In brief, cells were seeded into the upper chamber with serum-free medium. The down chamber was filled with 500 μL complete medium. After incubation for 24 h, the migrated or invaded cells were fixed with polyoxymethylene and stained with 0.1% crystal violet. Then, migrated or invaded cells were counted using a microscope. For invasion assay, a matrigel invasion chamber (BD Biosciences, San Jose, CA, USA) was used. Other steps were the same as migration assay.

Dual-Luciferase Reporter Assay {#S0002-S2008}
------------------------------

miRDB ([<http://mirdb.org/miRDB/index.html>]{.ul}) was used to identify the potential target of PSMA3-AS1. PSMA3-AS1 sequence containing the wide-type or mutant binding site of miR-4504 was inserted into the pGL3 luciferase reporter vector (Promega, Madison, WI, USA). Then, the reporter vector and miR-4504 mimics or negative control were transfected into lung cancer cells using RNAiMAX Lipofectamine^®^. After 48 h incubation, the firefly and Renilla luciferase activities were determined via a Dual-Luciferase Reporter Assay System (Promega Corporation).

RNA Pulldown {#S0002-S2009}
------------

H1299 and A549 cells were transfected with biotinylated miR-4504 (Bio-miR-4504 WT or Bio-miR-4504 MUT) or the control (Bio-miR-NC). After 48 hours, cells were lysed and cell lysates were incubated with Dynabeads M-280 Streptavidin (Thermo Fisher Scientific) for two hours. The enrichment of PSMA3-AS1 was determined by qRT-PCR.

Statistical Analysis {#S0002-S2010}
--------------------

All experiments were conducted at least three times and results were presented as the mean ± standard deviation. Significant differences between two groups were analyzed using a Student's *t*-test. Multiple group comparison was performed using one-way ANOVA followed by Tukey's post hoc test. The Kaplan--Meier and the Log rank test were used for survival rate analysis. P\<0.05 was considered to indicate a statistically significant difference. The statistical analysis was conducted using Graph Pad software (GraphPad Software 6.0, Inc.).

Results {#S0003}
=======

PSMA3-AS1 Is Upregulated in Lung Cancer {#S0003-S2001}
---------------------------------------

PSMA3-AS1 expression was examined by qRT-PCR in lung cancer and adjacent normal tissues. We found that PSMA3-AS1 level was upregulated in tumor tissues ([Figure 1A](#F0001){ref-type="fig"}). Notably, PSMA3-AS1 expression was increased in advanced lung cancer tissues and metastatic tissues ([Figure 1B](#F0001){ref-type="fig"} and [C](#F0001){ref-type="fig"}). Consistently, PSMA3-AS1 level was higher in lung cancer cell lines compared to BEAS-2B cells ([Figure 1D](#F0001){ref-type="fig"}). Then, 41 lung cancer tissues were divided into two groups according to PSMA3-AS1 expression value followed by survival rate analysis. Results showed that PSMA3-AS1 high expression indicated a low survival rate ([Figure 1E](#F0001){ref-type="fig"}).Figure 1PSMA3-AS1 is upregulated in lung cancer. (**A**) PSMA3-AS1 expression was increased in lung cancer tissues compared to adjacent normal tissues. (**B**) PSMA3-AS1 expression was higher in lung cancer tissues with advanced stages. (**C**) PSMA3-AS1 level was higher in lung cancer tissues with metastasis. (**D**) Relative expression of PSMA3-AS1 in lung cancer cell lines. (**E**) PSMA3-AS1 high expression correlated with a low survival rate. Low expression group: 18 samples. High expression group: 23 samples. \**P*\<0.05.

PSMA3-AS1 Knockdown Suppresses Proliferation, Migration and Invasion {#S0003-S2002}
--------------------------------------------------------------------

To analyze the potential function of PSMA3-AS1 in lung cancer, we chose A549 and H1299 cells to deplete PSMA3-AS1 ([Figure 2A](#F0002){ref-type="fig"}). Through CCK8 assay, we found that PSMA3-AS1 silencing suppressed the proliferation of A549 and H1299 cells ([Figure 2B](#F0002){ref-type="fig"} and [C](#F0002){ref-type="fig"}). Colony formation assay further validated the effect of PSMA3-AS1 on proliferation ([Figure 2D](#F0002){ref-type="fig"}). Then transwell assay was performed. Results showed that PSMA3-AS1 silencing led to decreased cell numbers of migration and invasion ([Figure 2E](#F0002){ref-type="fig"} and [F](#F0002){ref-type="fig"}). To further confirm the roles of PSMA3-AS1, we overexpressed it, followed by CCK8 and transwell assays. Results indicated that PSMA3-AS1 overexpression promoted the proliferation, migration and invasion of A549 and H1299 cells ([Figure 2G](#F0002){ref-type="fig"}--[I](#F0002){ref-type="fig"}).Figure 2PSMA3-AS1 knockdown suppresses proliferation, migration and invasion. (**A**) PSMA3-AS1 expression was suppressed after transfection of si-PSMA3-AS1. (**B** and **C**) CCK8 assay was performed to analyze proliferation. (**D**) PSMA3-AS1 knockdown led to decreased colony numbers. (**E** and **F**) PSMA3-AS1 knockdown inhibited cell migration and invasion. (**G**) CCK8 assay for cell proliferation. (**H** and **I**) Transwell assay for cell migration and invasion after PSMA3-AS1 overexpression. \**P*\<0.05.

PSMA3-AS1 Inhibits MiR-4504 in Lung Cancer {#S0003-S2003}
------------------------------------------

LncRNAs have been shown to sponge miRNAs in tumor.[@CIT0013] Thus, we performed bioinformatic analysis using miRDB and identified miR-4504 as the most potential candidate ([Figure 3A](#F0003){ref-type="fig"}) We constructed luciferase reporter vectors and found that miR-4504 mimics suppressed the luciferase activity of PSMA3-AS1-WT reporter ([Figure 3B](#F0003){ref-type="fig"} and [C](#F0003){ref-type="fig"}). Additionally, RNA pulldown assay showed that PSMA3-AS1 was precipitated by biotin-labeled miR-4504-WT ([Figure 3D](#F0003){ref-type="fig"}), suggesting that PSMA3-AS1 directly interacts with miR-4504. And PSMA3-AS1 overexpression led to decrease of miR-4504 expression ([Figure 3E](#F0003){ref-type="fig"}). Moreover, we found that miR-4504 was downregulated in lung cancer tissues ([Figure 3F](#F0003){ref-type="fig"}). And the expression of miR-4504 was reversely correlated with that of PSMA3-AS1 in lung cancer tissues ([Figure 3G](#F0003){ref-type="fig"}).Figure 3PSMA3-AS1 inhibits miR-4504 in lung cancer. (**A**) Diagram for the binding between PSMA3-AS1 and miR-4504. (**B** and **C**) Luciferase reporter assay showed that miR-4504 inhibited the luciferase activity of WT PSMA3-AS1. (**D**) RNA pulldown assay indicated that PSMA3-AS1 was enriched by biotin-labeled miR-4504-WT. (**E**) PSMA3-AS1 overexpression suppressed the level of miR-4504. (**F**) MiR-4504 was downregulated in lung cancer tissues. (**G**) PSMA3-AS1 expression was negatively correlated with miR-4504 in lung cancer tissues. \**P*\<0.05.

PSMA3-AS1 Promotes Lung Cancer Progression via Inhibiting MiR-4504 {#S0003-S2004}
------------------------------------------------------------------

To determine whether PSMA3-AS1 exerts functions through miR-4504, we conducted rescue assays. We inhibited miR-4504 expression in PSMA3-AS1-depleted A549 and H1299 cells ([Figure 4A](#F0004){ref-type="fig"}). Then, CCK8 and Transwell assays were carried out. Results showed that PSMA3-AS1 silencing suppressed proliferation, migration and invasion of A549 and H1299 cells ([Figure 4B](#F0004){ref-type="fig"}--[D](#F0004){ref-type="fig"}). However, miR-4504 inhibitors reversed the effects of PSMA3-AS1 depletion on proliferation, migration and invasion ([Figure 4B](#F0004){ref-type="fig"}--[D](#F0004){ref-type="fig"}). Therefore, PSMA3-AS1 acts as an oncogenic lncRNA via inhibiting miR-4504.Figure 4PSMA3-AS1 promotes lung cancer progression via inhibiting miR-4504. (**A**) Relative expression of miR-4504 was determined via qRT-PCR. (**B**) Proliferation was analyzed via CCK8 assay. (**C** and **D**) Transwell assay was conducted to determine migration and invasion after transfection of indicated vectors. \**P*\<0.05.

Discussion {#S0004}
==========

Lung cancer is a major risk factor for public health around the world. There is an urgent need to determine the molecular mechanism underlying lung cancer progression. In this study, we defined the oncogenic roles of PSMA3-AS1 in lung cancer. We found that PSMA3-AS1 was upregulated in lung cancer tissues and positively correlated with tumor severity. Additionally, PSMA3-AS1 is a potential prognostic biomarker for lung cancer patients. Moreover, we showed that PSMA3-AS1 knockdown suppressed the proliferation, migration and invasion of lung cancer cells through sponging miR-4504.

Increasing evidences have indicated that lncRNAs regulate multiple biological processes in lung cancer, such as growth and metastasis.[@CIT0014],[@CIT0015] And many lncRNAs are potential biomarkers for diagnosis and prognosis, such as NNT-AS1 and JPX.[@CIT0016],[@CIT0017] For example, lncRNA SNHG16 overexpression promotes proliferation, migration and invasion of lung cancer cells through regulating miR-520a-3p/EphA2 axis.[@CIT0018] LINC-PINT inhibits lung cancer cell growth, cell cycle, migration and invasion while promoting apoptosis.[@CIT0019] In addition, lncRNA MIAT upregulation leads to accelerated cell growth and predicts poor prognosis in lung cancer.[@CIT0014] There are still a lot of lncRNAs whose functions are unclear in lung cancer. PSMA3-AS1 is a rarely studied lncRNA. Only two references suggest its potential roles in multiple myeloma and esophageal cancer.[@CIT0012],[@CIT0013] In the current work, we found that PSMA3-AS1 expression was markedly upregulated in lung cancer tissues. Besides, we showed that PSMA3-AS1 dysregulation affects lung cancer progression.

Increasing studies have supported the ceRNA hypothesis that lncRNA can sponge miRNAs to form a lncRNA-miRNA regulatory network.[@CIT0020] LncRNAs could inhibit the activity of miRNAs to regulate gene expression. For instance, lncRNA MINCR sponges miR-223 to regulate irradiation resistance of nasopharyngeal cancer cells.[@CIT0021] SNHG12 targeted miR-195-5p to promote growth and metastasis in osteosarcoma.[@CIT0022] And lncRNA AC114812.8 initiates proliferation, migration and invasion of bladder tumor cells by modulating miR-371b-5p/FUT4 pathway.[@CIT0023] Besides, lncRNA AB074169 suppress thyroid cancer growth by affecting CDKN1a expression.[@CIT0024] Previously, PSMA3-AS1 was also reported to sponge miR-101 in esophageal cancer.[@CIT0013] In our study, we analyzed the possible PSMA3-AS1-related ceRNA pathway through bioinformatic method. We confirmed that PSMA3-AS1 bound to miR-4504 via luciferase reporter assay and RNA pulldown assay. We also found that miR-4504 expression was inhibited by PSMA3-AS1 overexpression in lung cancer. A study indicates that miR-4504 is involved in nacre color formation in Hyriopsis cumingii.[@CIT0025] Nevertheless, the role of miR-4504 in tumor is fully unknown. In our findings, we found that miR-4504 expression was downregulated in lung cancers. Moreover, miR-4504 level was negatively correlated with PSMA3-AS1 in lung cancer tissues, suggesting their regulatory relationship. Finally, we performed rescue assays. We found that effects of PSMA3-AS1 silencing on lung cancer cells were reversed by miR-4504 inhibitors, indicating miR-4504 is a tumor suppressor. However, the downstream target mRNA of miR-4504 requires further investigation. Recently, no study reveals the potential target of miR-4504. Thus, it is essential to determine the downstream mechanism of PSMA3-AS1/miR-4504 axis in the future.

In summary, this work indicates that PSMA3-AS1 contributes to proliferation, migration and invasion of lung cancer cells via sponging miR-4504. And PSMA3-AS1/miR-4504 axis may be a potential therapeutic target for lung cancer treatment. However, there is a limitation in our study. The downstream target of PSMA3-AS1/miR-4504 axis requires investigation in the future.
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